A computational study is conducted to explore the effect of vertical wall suction or blowing on two-dimensional confined wall jet hydrodynamic characteristics. Using an implicit finite volume technique in Cartesian coordinate system, several parameters have been investigated for a wide range of Lewis numbers by fixing the Prandtl number at 7 that corresponds to water. The main purpose is to analyze the control size and location effectiveness on the flow pattern as well as heat and mass transfer rates. Detailed numerical simulations demonstrated that as the local blowing is moved downstream, discrete vortex formation begins at a critical location then shedding phenomenon occurs behind the slot at advanced positions. Since the flow dynamic structure is mainly altered, averages skin friction and thermo-solutal coefficients distributions are largely influenced. Approximately for ≤ 4 (upstream of the natural vortex emission position), Nusselt and Sherwood numbers slightly increase with the control location . However, they gradually decrease as the blowing slot approaches the domain exit. Optimum values were obtained when locating the slot just downstream of the uncontrolled Kelvin-Helmholtz instability onset. Furthermore, computations illustrated that an appropriate suction slot length selection could be a simple and efficient tool to delay or even suppress natural structure emission and development. This choice is essentially related to the recirculation cell size.
NOMENCLATURE

INTRODUCTION
Laminar fluid flow past an unconfined or confined wall jet represents a basic problem of fundamental importance due to its numerous practical engineering applications like aerodynamics, vehicle construction and electronics cooling. In order to enhance the performance of these geometries, various control techniques have been elaborated. Among such methods, suction or blowing is one of the most promising and the highest growing process due to its widespread accessibility. An extensive number of studies have then been conducted, tending to improve the comprehension and effectiveness of such active means. Several approaches can be performed such as steady (Chen et al. 2006; Radespiel et al. 2016) or pulsed Marom et al. 2016 ) fluid amounts imposed from one or multiple slots (Sun and Hamdani 2001; Zhao et al. 2015) either tangentially or perpendicularly (Yousefi et al. 2013) . Kim and Sung (2003) performed direct numerical simulations of a spatially evolving turbulent boundary layer. By comparing the flow behavior of the system maintained under steady conditions with that in the occurrence of periodic blowing, they showed that this last one causes the enhancement of turbulence energy intensities near the wall. Wilson et al. (2013) conducted a flowcontrol study using steady suction and pulsed blowing on an axisymmetric bluff body. Results showed that suction alone has a restricted ability to delay separation and reduce drag on this geometry. An optimal single row suction location of 0.04 upstream of the mean separation position was determined for the considered Reynolds number range. Moreover, farther upstream locations were found to be less effective, whereas farther downstream ones become detrimental. In the other hand, authors showed that addition of pulsed blowing allows separation delay to the trailing edge to be nullified. In terms of drag reduction, it was demonstrated that oscillatory blowing without suction was more beneficial than one row of suction holes but less than distributed suction. Sohankar et al. (2015) investigated the effects of uniform suction and blowing positioned on three different surfaces of a square cylinder in order to attain optimum configuration. Zhang et al. (2016) conducted a numerical simulation to study the laminar flow past a square cylinder confined in a channel subjected to a locally uniform blowing or suction speed positioned at the top and bottom channel walls. The numerical results showed that wall blowing has a stabilizing influence on the flow accordingly the corresponding critical Reynolds number rises monotonically with the blowing velocity. When increasing or decreasing Reynolds number continuously at a fixed suction speed, hysteretic phenomena of mode exchanges were observed.
The interaction of suction and pulsed blowing with a laminar boundary layer was analyzed by Seifert and Marom (2015) . Conducted simulations demonstrated that while oscillatory blowing has a strong effect on the flow evolution, the steady suction introduced upstream has a crucial role on the AFC (active flow control) system efficiency. Sattarzadeh and Fransson (2017) used discrete suction deployed in a flat plate boundary layer to generate spanwise mean velocity gradients in order to delay laminar to turbulent transition onset.
Actuality, exploring all potential models and interfering factors (imposed velocity ratio and direction; slots number, length and position…) requires an extremely large number of flow simulations. In general, a few major parameters are varied in a series of numerical computations with the goal of finding an optimal configuration. Earlier numerical study of double diffusive natural convection in a vertical porous enclosure conducted by Zhao et al. (2007) showed that the Lewis number has a direct bearing on heat and mass transfer coefficients. As thermal Darcy-Rayleigh number increases, the segment location allowing maximum thermo-solutal transfer rates moves from the center toward the bottom of the enclosure. Trompoukis et al. (2008) presented a step-by-step optimization study, to maximize the reduction in viscous flow losses, in which the slot location and geometry as well as the blowing or suction characteristics were sequentially selected. Chen et al. (2010) discussed the relative effectiveness of blowing and suction in controlling separation and circulation. They demonstrated the existence of a threshold momentum input where blowing becomes more effective than suction. Later, Yousefi et al. (2013) focused on tangential and perpendicular blowing and suction slot geometry optimization including jet width and amplitude effects. Chen et al. (2015) analyzed the control effectiveness on aerodynamic forces and alternate vortex shedding suppression as a function of suction holes azimuthal position, spanwise spacing and flow rate.
As mentioned above, blowing or suction has been widely employed as an efficient method for controlling wall bounded flows. In the present work, we aim to find out the suitable control conditions to minimize or enhance thermo-solutal transfer and pressure forces within confined wall jet flow. Therefore, some key parameters are discussed in wide ranges namely the Lewis number as well as suction slot position and length. A particular intention is given to clarify vortices development and shedding mechanism inhibition effects.
FLOW CONFIGURATION AND NUMERICAL TOOLS
The computational domain and the Cartesian coordinates system are represented in Fig. 1 . The geometry extent is chosen so that the flow can be considered as two-dimensional. Studied dimensions are = 10 1 0.25. Here , and represent the domain length, width and the nozzle high, respectively.
Fig. 1. Studied configuration.
The considered fluid is water ( = 7) issuing from a rectangle nozzle into an infinite domain filled with the same fluid at the concentration = . The suction or blowing slot is placed on the bottom wall maintained at a different temperature ( = 1) . It is worth mentioning that suction corresponds to < 0, blowing to > 0 and = 0 to impermeable wall.
The chosen boundary conditions are illustrated in Table 1 . At the domain inlet, a uniform profile ( = 1) is deployed for velocity. Convective boundary conditions along with zero second-order partial derivative of the U velocity ( = 0) ⁄ are set at the jet exit and no-slip conditions are prescribed at the flat walls ( = = 0). Note that concentrated water ( = 1) is introduced either from the blowing slot or the jet entry in suction case. This configuration seems to provide the best alternative to assess the control effectiveness on the present problem.
Four velocities were initially tested: = ±0.2 and = ±0.5. For the highest values, vortex shedding was suppressed. However, when the imposed velocity was set equal to | | = 0.2 (which is about 20% of the streamwise mean velocity), this phenomena persists which is effectively required here to evaluate the studied parameters effects on altering the flow structure.
With reference to Newtonian incompressible fluid of constant physical properties, the governing equations are written in dimensionless form in Cartesian coordinates system as:
The Boussinesq approximation :
Continuity Equation :
Momentum Equations :
Heat Equation :
Solutal diffusion Equation :
+ . = ∆ The governing dimensionless parameters appearing in the above equation system are: The Reynolds number = ⁄ , the Prandtl number = ⁄ and the Schmidt number = ⁄ . Where, , and indicate respectively, the kinematic viscosity, the thermal and mass diffusivities.
The numerical code solves the primitive fields' equations (velocity, pressure) by a finite-volume method. This well known technique developed by Patankar (1980) is currently the most popular method in computational fluid dynamics. A twocorrector step process is applied for diffusive terms. These choices have been validated for free jet configuration by Knani et al. (2001) . Then, it was adapted to the thermo-solutal confined wall jet configuration in the present study. For the convection diffusion problem, a Hybrid difference scheme (Patankar and Spalding 1970 ) is retained in the numerical process as it produces physically realistic solution and has proved to be helpful in the prediction of practical flows. Interested readers shall be referred to (Issa 1986; Spalding 1972; Roache 1976) .
Several preliminary runs showed that the dimensionless time interval * ⁄ = 60 is large enough to visualize vortex emission and shedding mechanism taken place within the jet at a Reynolds number equal to 500 (laminar flow), a Richardson number of 0.01 (forced convection), a Schmidt number fixed at 0.7 and a Prandtl number set equal to = 7 (corresponding to water). Accordingly, a series of simulations have been done with diverse time-step values. The obtained results, along with calculation-time consuming considerations, showed that ∆ = 0.01 (namely 6000 images) is a reasonably fair choice owing to the maximum error calculated for average Nusselt number, average Sherwood number and average skin friction coefficient.
The following definitions were employed:
Local quantities:
Mean coefficients values are calculated as:
RESULTS AND DISCUSSION
Code Validation
The base flow is computed using a two-dimensional numerical simulation code (2D-NS). Velocity profiles obtained from the 2D-NS code are compared with theoretical finding established by Glauert (1956 ) plotted in Fig. 2 . A good agreement is achieved. The principal parameters for such flow are: maximum streamwise velocity component , wall jet width (the point where stream wise velocity profile reaches its maximum) and wall jet half width ⁄ (the distances from the wall where the velocity reaches its half local maximum in the outer region).
The corresponding maximum deviation percentages of numerical results in comparison with theoretical data calculated for each parameter are around 7.4, 4.8 and 6.0, respectively. Thus, since the maximum deviation is smaller than 8% , the present code is adequate to simulate the physics of the studied wall jet flow properly. 
Structure of the Uncontrolled Flow
It is worth note that the Reynolds number is fixed to 500 in all next computations. This value was fixed after previous simulations conducted over a range between 100 and 1000. Numerical results indicated that for low Reynolds number, the ratios between the Nusselt and Sherwood coefficients values corresponding to the two considered cases ( = ±0.2) are very small and become larger as far as viscosity decreases. The opposite is true for the skin friction distributions. So, we decide to study an intermediate case where the relative difference between uniform suction and blowing effectiveness is neither so weak nor so strong.
The time-evolving natural dynamics is discussed here, by means of streamlines evolution plotted in Fig. 3 . Usually, wall jet interaction with ambient flow is driven primarily by perturbations at the shear layer interface and near the wall. Herein, we can see this flow oscillation that develops naturally in the jet shear layer, from the first moment, in sections near the entrance approximately at 2 ≤ ≤ 3. In the next time step, this instability grows and rolls-up between the stations 3 ≤ ≤ 4. Typically, such instability called Kelvin-Helmholtz leads to discrete vortex forming. At = 15, we can distinguish a primary vortex emission located around 3.5 ≤ ≤ 4.5. With respect to time, it enlarges and undergoes a shedding phenomenon that begins between 5 ≤ ≤ 6 and ends at = 55 by giving a new finer structure. When = 60, it gradually leaves the studied field and the same phenomenon begins again farther upstream. We may also note the presence of a recirculation cell which size is reduced by the clockwise rotating structure development. As a consequence, this counter-clockwise zone's center is gradually moved toward the domain inlet. 
Characterization of the Control Technique Effectiveness
Combined effect of Suction or Blowing Slot Length and Lewis Number
The first step of the performance improvement focuses on the combined effect of the slot length and the Lewis number. A particular location of the suction or blowing slot is fixed approximately at = 3. In fact, as we demonstrated in subsection 3.2, this choice represents a critical value from where the natural disturbance starts to roll-up causing a vortex emission little further downstream (between 3.5 ≤ x ≤ 4.5 .). Moreover, after several computations carried out with respect to the control position, we found that the wall jet flow can be characterized as one of three types for a fixed slot length (no vortex, no shedding and shedding as will be discussed in subsection 3.3.2). The first regime corresponding to an inhibition of the natural vortex emission is associated to a threshold value of = 3. Thus, in this section we prefer to place the slot at this particular position so that the key parameter permitting potential vortices generation and shedding phenomena onset is the control length, , and hence we can determine the corresponding critical values.
Three cases are considered: equal to 2 = 0.5, 4 = 1 and 8 = 2. These values are chosen based on the recirculation cell core scale, , present at the first time step within the natural flow which is around = 4 .
Furthermore, it is well known that for double diffusion problems one of the most governing parameters is the Lewis number defined as the ratio between the thermal and mass diffusivity. Bennacer and Gobin (1996) showed that for Lewis number larger than unity, thermal diffusion proceeds at a higher speed than species diffusion as well as thermal boundary layer thickness is greater than solutal boundary layer. This behavior is verified in our study for several numerical combinations considering water flow under aiding buoyancy forces.
Figures 4, 5 and 6 as well as Tables 2 and 3 illustrate the mutual effects of slot length and Lewis numbers when uniform amounts of suction or blowing are imposed. As shown in Fig. 4 and Fig. 5 , varying this last parameter does not greatly change the jet dynamics. Consequently, the derived skin friction distribution is rather constant with increasing Le over a wide range in all computed cases (see Tables 2 and  3 ). However, concentration contours (plotted at the bottom in the same figures Fig. 4 and Fig. 5 ) reveal strong vertical solutal stratification. The observed phenomena intensity decreases with increasing Lewis number and isoconcentration lines start to curve particularly for blowing. As a result, mass diffusion takes place mainly in the longitudinal direction. This outcome designates a very diffusive flow behavior which yields significant mass transfer amplification as denoted in all simulations. However, heat transfer coefficient distribution plotted in Fig. 6 (a) and (b) is almost constant. One possible explanation is that the strong vertical concentration field stratification restricts temperature diffusion which makes mean Nusselt number evolution almost independent of Lewis number. Oueslati et al. (2013) found that as increases from 0 to 8 at aiding flow situation ( > 0) , species structures become more horizontally stratified. However, thermal contribution seems not to be much modified when compared to isotherms corresponding to the limit flow ( = 0) . In the present paper is kept equal to 10 . In case of blowing, all computations carried out under this aiding water flow situation showed that as the slot length is increased, the concentration contours stratification become more obvious as depicted in Fig. 5 . This means that the solutal boundary layer becomes thicker as enlarge which reduces the mass transfer rate in blowing cases (Table 2) . Moreover, increasing amplify the uniformly introduced water amounts which intensify the jet energy aspect and tends to stabilize outer region perturbation especially downstream of the nozzle. This is indicated by the streamlines plotted in that becomes less curved and more intense which promotes heat transfer and therefore enhances the Nusselt number (see Fig. 6 (a)). Seifert et al. (1996) confirmed that blowing increases boundary layer momentum. In particular, perpendicular blowing increases flow turbulence as a result of adding energy to the mean flow. Therefore, for advanced blowing amplitude or jet width, more eddies become larger (Yousefi and Saleh 2014) .
Regarding wall forces, increasing continues to yield better skin friction reduction. As the slot extends, the fluid is lifted up and accelerates in the outer region. Accordingly, the wall skin friction coefficient becomes weaker (Table 2) .
If suction is applied, we found that jet pattern depends strongly in the slot length as illustrated in Fig. 4 . While increasing , the controlled flow structure becomes more complicated and exhibits vortex shedding mechanism.
For the smallest nozzle = 2 , streamlines reveal two major counter-rotating cells. The counter clockwise one escapes the suction effect and extends approximately to = 4.5 . The clockwise vortex develops with respect to time and an initiation of detachment phenomena takes place near the studied domain outlet. When is set equal to 4 , all structures intensities, which centers are advected downstream, are weakened and vortex shedding is suppressed. Further suction slot expansion = 8 , inhibits vortex formation due to earlier evacuation of the recirculation cell through the nozzle. From these results it can be concluded that when the slot length exceeds the recirculation cell size, this latter is removed which suppresses the primary and secondary structures emission.
According to the previous observations, the wall jet characteristics show three states as suction slot length is increased: 'shedding', 'no shedding' and 'no vortex'. A general classification of these phases can be generated as follows:
For < , shedding phenomena takes place behind the slot; For = , vortex creation occurs but no shedding processes;
For > , vortex emission is suppressed.
Here which denotes the natural recirculation cell length represents the critical value of vortex and shedding onset. Similarly, three flow regimes (no separation, separation, and shedding) were also observed by Chen et al. (2006) on laminar boundary layer depending on the blowing rate. They found that the critical values corresponding to separation and Table  3 ). Thus, the longest suction slot allows significant skin friction as well as Nusselt number reduction. This confirms once again the crucial role of flow structure in heat exchange.
A more detailed study of the involved parameters effects on skin friction and thermo-solutal quantities can be provided from Tables 2 and 3 . The simulated values range between 10 ≤ ≤ 100.
In case of wall blowing, we found that heat transfer coefficient is almost independent of (slightly decreases) at all slot length values. However, Sherwood number increases noticeably (see Table  2 ). Thus, the studied parameter influence is much more important in mass transfer than in heat transfer. This is logic since the only factor tuned at a constant Prandtl number is the Schmidt value of the fluid. Similar behaviors were found by several works such as Bansod (2005) . He investigated blowing and suction effects on double diffusion by mixed convection over inclined permeable surfaces. His results showed that Nusselt number decreases for all tested control parameter, whereas Sherwood number increases with Lewis number for the positive values. Note that the mentioned control parameter is positive for fluid withdrawal, negative for discharging and equal to zero for impermeable vertical flat plate embedded in a porous medium. Also, Zhao et al. (2007) studied the free convection from one thermal and solute source in a confined porous medium. They showed that the Lewis number has a direct bearing on heat and mass transfer coefficients. As it was amplified, the Sherwood number consistently increases but the average Nusselt number decreases.
Lewis number effect on laminar thermo-solutal convection in vertical cavities with uniform, constant temperature and mass fraction profiles was recently studied numerically by Sun and Lauriat (2010) . Two values were considered = 0.5 and = 2 for aiding buoyancy forces at a fixed Prandtl number corresponding to air = 0.71. They showed that the mean Nusselt number decreases slightly with Le while Sherwood number enhancement is much more significant. They explain this distribution tendency by a weak thermal boundary growth and mainly by the reduction of its advective part due to blowing effect as Le increases. Concerning ℎ improvement, it is associated with the solutal boundary layer thinning with varying the Lewis number. Similar behaviors are found in the present study.
Suction has the opposite effect on average Nusselt number distribution regarding both studied parameters (Lewis number and the slot length) as shown in Table 3 . Indeed, even if evolution with Le is almost negligible (of about 10 ), we shall note that it increases slightly for all considered nozzle lengths except for = 2 . This behavior may be caused by vortex detachment phenomena observed only in this last case (see Fig. 4) . Although, Table 3 shows that average Sherwood number is enhanced by Le as in blowing case but the slot length effect becomes negligible. This aspect is indicated by the quite similar solutal contours obtained for all computed values of at a fixed Lewis number.
Moreover, it is obvious from the two above approaches that the hydrodynamic skin friction distribution depends barely on Lewis number but strongly on the slot length. For blowing, the lowest values of and ℎ are obtained at the largest slit (Table 2) . However, the maximum reduction corresponds to the narrowest one. In the same way Abdulla and Jassim (2010) found that the widest slot from the three tested values equal to 0.28 m ; 0.2 m and 0.12 m give the maximum skin friction coefficient reduction for uniform blowing. This combined effect of source length and Lewis number was also simulated numerically by Oueslati et al. (2013) . The study concerns a double-diffusive natural convection in an enclosure with a partial vertical heat and mass source for an aspect ratio = 4 . The authors found that the mean Nusselt number slightly decreases with Lewis number in the range 10 ≤ ≤ 100 at all source length values 0.25 ≤ ≤ 2. In contrast, the mass transfer rate is greatly enhanced by increasing . Moreover, they demonstrated that the highest values of and ℎ are associated with the longest source ( = 2) . The present work presents similar finding except for the maximum ℎ which corresponds to the smallest slot (In reality, this last observation is consistent with our configuration in case of wall suction). That's may be due to the two different boundary conditions since here the concerned slot is not a discrete concentration source as in their work.
If suction is applied (see Table 3 ), we found that mean skin friction coefficient dependency on is negligible at all slot lengths. Moreover, we note that the widest slot from the three tested values give the highest and reductions. It is worth noting that varying from 2 to 4 then 8 decrease heat transfers by 11.5 % and 62.5 %, respectively. This significant drop observed in the last case ( > ) is linked to vortex and shedding suppression. However, the highest ℎ value corresponds to the longest one. In fact, mass coefficient evolution dependency in wall suction slot size appears to be negligible.
A comparison between the two methods under the same flow conditions shows that blowing is more effective than suction in skin friction coefficient as well as thermal transfer reduction. Moreover, the quite large difference efficiency of these two control approaches regarding Sherwood number distributions depending in the slot length are due to initial boundary conditions. As we mentioned previously, the concentrated water is injected from the jet entry for suction and from the horizontal slot for blowing. Thus, the slot length effects are more obvious in the last case.
In conclusion, increasing Lewis number enhances mass transfer coefficient in all simulations. The explanation is that since the convection term rises relatively to the diffusion term in the species conservation Eq. (5), the solutal boundary layer becomes thinner and so ℎ increases. For suction the maximum fluid force reduction is obtained in the optimum condition where the vortex shedding weakens or even suppresses as the slot length enlarges. In case of blowing, wider slot gives better control effectiveness in skin friction reduction terms. The same results were found by Yukinori et al. (2015) indicating that as the controlled region becomes wider in the streamwise direction, the control effect on the skin friction drag becomes larger for both blowing and suction cases.
Suction or Blowing Slot Position
Summarizing the above results, the vertical wall suction or blowing applied at natural vortex emission location cannot suppress shedding phenomena behind the slot unless the length of this later is larger than a threshold value. Even so, we still have relatively high skin friction coefficient.
In this section, the proposed method is to move the slot location over the entire domain by step of unity in order to inhibit the onset of the instability itself in earlier stages. In all next simulations, the nozzle length is set equal to unity ( = 4 = 1).
Figure 7 depicts controlled flow patterns when blowing is applied. For = 1, natural shear layer instability mode is removed. Water flow emanating from the horizontal nozzle rises up the jet and slowly occupies all the remaining space. Around = 45, a steady state is established and the flow structure becomes well defined. For = 2 and = 3, no great changes are noted except that the recirculation cells are quite larger and the steady state is further delayed as the inner region oscillation becomes more pronounced.
Starting from = 4 since the blowing nozzle is located deep in the natural vortex emission region or beyond, the main flow structure is significantly altered. Upstream of the slot, Kelvin-Helmholtz instability develops relatively similar to the natural case. However, the emission of the primary vortex, which is now smaller and is rejected towards the entrance, is delayed to = 15 . At the next moment = 20 , it joins the introduced water movement and vanishes within it due to advection forces. This cycle is repeatedly observed for the remaining computed time. For = 5 , same steps are observed (vortex creation then combination with the introduced flow) but over wider intervals. The explanation is simple since the slot is located further the structure takes more time to reach it at = 35. From = 6, a vortex shedding mechanism takes place as in the natural case but it begins upstream and ends earlier around = 45 . This new structure is directly intercepted by the added flow. Whereas, the primary vortex continues to grow until it also reaches the mean motion by the last time step.
Qualitatively, the same observations apply equally to the last two stations = 7 and = 8 . However, simulated time is not enough anymore for the swirl to join these positions. Thus, more structures are present at the same time steps compared to = 6.
When suction is applied, the first three conditions give almost similar patterns as represented in Fig. 8 . Streamlines corresponding to the two first cases ≤ 2 show that the recirculation cell escapes the control influence and it is convected to the upper edge of the nozzle. A small structure emergence at = 15 and = 20 is also denoted corresponding to ≤ 2 and = 3 , respectively. It becomes larger and intensifies as the simulation time runs. Note that in the third case = 3 , the negative vorticity becomes wider and the creation of the positive one is delayed compared to both last cases ( = 20).
Starting from
= 4, the upstream flow dynamic is similar to that observed in the uncontrolled jet since the nozzle is roughly located beyond the natural vortex emission position. However, at the same time step, = 15, this latter is less developed then it is evacuated through the slot at = 20. At the next moment, the ordinary spatial organization governed by the two counter-rotating cells begins from = 25 which is slightly later than previous simulations. For = 5, the primary vortex follows the same growth as in natural flow until = 15. However, instead of being aspirated with the main flow, it adheres to the lower edge of the slot = 4 . Moreover, the downward fluid motions at the vortex extremity along with the wall friction forces yield a new counter-rotating region (i.e. turning in the same direction as the recirculation zone). This zone is located at the upper edge of the slot = 5. At the same time step = 25, another clockwise rotating structure appears due to interactions between this new negative vorticity cell and the water sucked in the opposite streamwise direction. As computational time turn, about = 45 we note that being stopped at the slot edge, the primary vortex development simultaneously moves the two recirculation zones which surround it. Approaching simulation time's end, these two regions diminish being confined by the vertical plate at the inlet and by the base flow at the exit, respectively. For the remaining cases ≥ 6 , the derived streamlines almost exhibit similar behavior and an initiation of shedding phenomenon takes place which becomes even more obvious for = 8. This arrangement can be clearly recognized from averages flow characteristic coefficient distributions plotted in Fig. 9 . It is shown that the studied domain can be decomposed into two parts according to the natural vortex generation position. Here, it is located in vicinity of 3.5 ≤ ≤ 4.5 , as mentioned in subsection 3.2. This decomposition is indicated by an inflection in the skin friction, mass and heat coefficient profiles. Locating the slot in the next station = 5 shows particular jet response for both suction and blowing. It gives thresholds values of the different settings.
In case of blowing approximately for ≤ 4, we see that , and ℎ slightly increase with . For downstream stations ≥ 4 , thermo-solutal coefficient distributions monotony change and their values decrease rapidly approaching the exit.
Moreover, the maximum skin friction coefficient reduction is observed at = 6. Wall suction yields opposite behaviors except for which distribution shows even a better remarkable separation between the two parties. Moreover, we found that this control approach has less effect on hydrodynamic force reduction when it is located in front of the natural vortex position. Note that suction generates stronger skin friction coefficient and larger double diffusion rates than blowing. Moving slot location toward the domain outlet (behind natural vortex creation) reduces the relative effectiveness of suction over blowing very substantially regarding skin friction distribution. The difference is attributed to the control position relative to the natural vortex emission point that is now upstream of the slot. Earlier study of Bansod (2005) showed that heat and mass transfer increase with suction and decrease with blowing. Herein we also found that , and ℎ are increased by suction compared to blowing.
Considering the control location, Chen et al. (2015) suggested that suction has less effect on aerodynamic force coefficients when the control holes are located in front of the separation point or deep in the flow separation region. However, the best effectiveness is reached when the azimuthal suction holes location is very close to the separation point. A comparison with Trompoukis et al. (2008) may seem right. The authors showed that with fixed slot position, any increase in the suction rate leads to reduction in the flow separation length. Moreover, locating the slot over the ramp, just downstream of the separation onset, yields better performance. In the present paper, the best skin friction reduction in case of suction is granted by widening the slot and locating it just downstream of the natural vortex generation position.
CONCLUSION
In this study, thermo-solutal transfers and fluid dynamics of a two-dimensional confined wall jet have been simulated numerically. The laminar flow is subjected to high level uniform amounts of suction or blowing from a thin opening implanted on the bottom heated wall. It has been found that the slot geometrical characteristics as well as the Lewis number are ones of the most crucial parameters governing such active flow control technique. Some critical values were obtained beyond which vortices are formed and shed alternately behind the slot. It was demonstrated that these values depend on the natural instability onset. The second purpose was to evaluate each flow state on double diffusion rates. It was concluded that hydrodynamic flow force and mass and heat exchanges can be enhanced or reduced following the inhibition or improvement of clockwise and counter clockwise vortical structure.
Moreover, it was proved that as Lewis number increases, average Nusselt number is almost constant but average Sherwood number is noticeably improved. Furthermore, it was shown that maximum heat transfer enhancement corresponds to the largest slot. However, maximum mass transfer is granted by the smallest one. This last effect becomes negligible when suction is imposed. Numerical results also showed that the control slot position can play a significant role on flow patterns. We found that the studied domain can be decomposed into two subdomains according to natural vortex emission location.
In conclusion, when suction is applied, widening the slot and locating it upstream of natural vortex emission position can suppress its formation. When blowing is imposed, further increase of these parameters continues to achieve larger skin friction reduction.
